Abstract. The transport of terrestrial plant matter into coastal waters is important to regional and global biogeochemical cycles, and methods for assessing and predicting fluxes in such dynamic environments are needed. We investigated the hypothesis that upon reconnection of a floodplain wetland to its mainstem river, organic matter produced in the wetland would reach other parts of the ecosystem. If so, we can infer that the organic matter would ultimately become a source for the food web in the mainstem river and estuary. To accomplish this, we adapted numerical hydrodynamic and transport modeling methods to estimate the mass of particulate organic matter (POM) derived from the annually senescent aboveground parts of herbaceous marsh plants (H-POM). The Finite-Volume Community Ocean Model (FVCOM), parameterized with flow, tide, and aboveground biomass data, simulated H-POM mobilization from fluid shear stress during tidal exchange, flooding, and variable river flow; entrainment into the water column; transport via channel and overland flow; and entrapment when wetted surfaces dry. We examined export from a recently reconnected, restoring tidal emergent marsh on the Grays River, a tributary to the Columbia River estuary. Modeling indicated that hydrologically reconnecting 65 ha at the site resulted in export of about 96 9 10 3 kg of H-POM, primarily during pulsed storm flooding events in autumn and early winter. This exported mass amounted to about 19% of the summer peak aboveground biomass measured at the site. Of that 19%, about 48% (47 9 10 3 kg) was deposited downstream in the Grays River and floodplain wetlands, and the remaining 52% (50 9 10 3 kg) passed the confluence of the Grays River and the mainstem estuary located about 7 km from the study site. The colonization of the restoring study site largely by nonnative Phalaris arundinacea (reed canarygrass) may have resulted in 18-28% lower H-POM mobilization than typical marsh plant communities on this floodplain, based on estimates from regional studies of marshes dominated by less recalcitrant species. We concluded that restored floodplain wetlands can contribute significant amounts of organic matter to the estuarine ecosystem and thereby contribute to the restoration of historical trophic structure.
INTRODUCTION
Studies since at least the 1950s have clearly demonstrated that particulate organic matter (POM) produced in wetlands of all kinds is exported to other parts of ecosystems where it can contribute to the detritus-based food web (Odum 1956 , Teal 1962 , Childers et al. 2000 . Dissolved organic matter transported from wetlands along with benthic and planktonic algae can also be major contributors to the organic matter pool in estuaries (Haines 1977 , Correll 1978 , Odum 1984 . The release of organic matter is often not steady. Rather, export occurs in pulses mediated by biological periodicity (e.g., productivity) and physical drivers such as floods, storms, or periods of high tidal amplitude (Junk et al. 1989 , Odum et al. 1995 , Mannino and Harvey 2000 . Organic matter produced in terrestrial and aquatic ecosystems can be transported to near-coastal systems through a process commonly referred to as "outwelling" (Nixon 1980 , Dame et al. 1986 , Wheatcroft et al. 2010 . Outwelling is generally considered an important link in global geochemical cycles (Hope et al. 1997) .
In our study area on the U.S. Pacific Northwest (PNW) coast, the tidal wetlands, seagrass meadows, and benthic algae exhibit high production rates (Thom 1984 , Emmett et al. 2000 . Organic matter produced in PNW estuaries and river floodplains reaches the coastal water where it contributes to the coastal food web (Dahm et al. 1981 , Small and Prahl 2004 , Walsh et al. 2008 . Further, planktonic larval exchange between estuaries and coastal waters is common (Johnson and Gonor 1982 , Roegner 2000 . A growing body of information is demonstrating that this organic matter contributes significantly to fisheries resources important to the economies of the region, such as the iconic salmonids (Healey 1979 , Sibert 1979 , Simenstad and Wissmar 1985 , Maier and Simenstad 2009 ).
Globally, approximately 25-50% of vegetated coastal habitats responsible for organic matter production and export to the nearshore ocean has been lost in the past 50 yr (Duarte et al. 2013b ). Presumably, historical levels of total primary production and total POM export have been correspondingly curtailed. Land conversion and development, including the construction of dikes and levees, have been the most pervasive human-linked alteration of floodplain and estuarine wetland habitats (Mitsch and Gosselink 2007) . In the Columbia River estuary (defined as the 235 km tidal reach from Bonneville Dam to the Pacific Ocean), tidal forested, herbaceous, and shrub-scrub wetlands have been reduced by 20,734 ha (68-70%) since the late 1800s through agricultural development (i.e., forest removal, diking, farming, grazing) and urbanization (Marcoe and Pilson 2017) . Eliminating or severely restricting hydrological connection between wetlands and surrounding ecosystems results in alterations to the flows of energy, materials, and species between wetlands and the aquatic and riparian portion of the ecosystem (Odum et al. 1995, Naiman and D ecamps 1997) . Further, this "disintegration" of elements composing ecosystems restricts the ecosystem processes and services provided by the wetlands, such as groundwater recharge and sediment trapping. Efforts to restore and enhance coastal wetland ecosystems by breaching levees, removing dikes and levees, and retrofitting culverts are becoming increasingly common and successful in at least partially restoring many ecological functions and services (Simenstad and Thom 1996 , Zedler 2001 , Irving et al. 2011 ). Yet managing and maximizing the benefits of wetland restoration require quantifying and predicting the connections between wetlands and the wider hydrological system.
In the Columbia River estuary, POM historically formed the base of the food web, in contrast to present conditions in which fluvial phytoplankton appear to be predominant (Sherwood et al. 1990 ). Sources of POM and phytoplankton include autochthonous generation within the estuary, allochthonous input from the Columbia River and the tributaries upstream of the estuary, and imports from the Pacific Ocean via tidal exchange . Sherwood et al. (1990) concluded that the loss of marshes and swamps resulted in a comprehensive shift in the amount and quality of organic matter delivered to the food web in the lower river and estuary; that is, an~82% decline in the marsh macrodetritus mass reaching the estuary food web compared to the mass contributed historically. This is thought to have resulted in a shift of the food web base for juvenile salmon and other estuarine-dependent species from wetland-produced insects and epibenthic invertebrate prey to planktonic prey fed by water column primary producers in reservoirs above dams. Recent research employing stable isotope analysis of organic matter sources and fish tissues has shown that fluvial phytoplankton, vascular plants, and benthic diatoms, respectively, contributed 40%, 46%, and 14% of the organic matter of the diet of juvenile salmon feeding on invertebrate prey in the Columbia River estuary Simenstad 2009, Maier et al. 2011) . This information was an important driver of our research, because of the potential functional support afforded to threatened and endangered salmonids by restored floodplain habitats.
Our study was part of a comprehensive research effort supporting the Columbia Estuary Ecosystem Restoration Program, which is aimed at restoring ecosystems in the Columbia River estuary (Ebberts et al. 2017 ). Researchers measured the responses of tidal wetlands to tidal hydrological reconnection, and developed and implemented methods for predicting the effects of multiple restoration projects on the ecosystem (Diefenderfer et al. 2012 , Ke et al. 2013 . "Material flux" was recommended as an indicator of the ecosystem processes and realized functions among several response indicators that were assessed (Roegner et al. 2009 ). Specifically, our study addressed the following question: Does restoring hydrological connection facilitate the export of quantities of endogenously produced POM that could fuel the food web of the broader ecosystem? Using the framework described by Diefenderfer et al. (2011 Diefenderfer et al. ( , 2016 , we hypothesized that restoring hydrological interconnection would allow for a material exchange process and we investigated how much material would leave the system and whether that material could reach the broader estuary from sites located in tidal freshwater portions of tributary streams and rivers.
To address how the restoration of floodplain wetlands can affect the contribution of marsh macrophyte organic matter from production sites to the broader ecosystem, we assessed the mass of vascular plant organic matter produced that is exported out of a tidal wetland after hydrological reconnection to the estuary. For this purpose, we focused on POM derived from the annually senescent aboveground parts of herbaceous marsh plants (H-POM). Our objective was to develop quantifiable information based on field data and modeling about how restoring the hydrological connectivity and the associated shift in plant communities of floodplain wetlands would affect the flow of energy as organic matter between wetlands and the broader ecosystem, recognizing that H-POM is only one component of organic matter flux. To that end, we first simulated the hydrological and hydraulic characteristics that affect H-POM transport from a wetland, and then used mass transport tracking simulation to estimate H-POM transport between the wetland source, the tributary floodplain, and ultimately the main stem of the Columbia River estuary.
Study area and site
Our study area was a tidal portion of the rainfall-dominated Grays River watershed, a major tributary to the mainstem Columbia River (Fig. 1a) . The study site, Kandoll Farm (KF site), is~7 km upstream from the confluence of the Grays and Columbia Rivers. The confluence, at Grays Bay, is within the energy minimum reach (i.e., where the turbidity maximum normally occurs) of the Columbia River estuary system zone between river kilometers 21 and 39 (Jay et al. 2016) . The 65-ha KF site was disconnected from Grays River and its floodplain by dikes along the river and across the floodplain, forming a parcel isolated from all but the most extreme annual flood events (Fig. 1b) . Beginning in the 1800s, logging of Picea sitchensis (Sitka spruce) forest and dike construction converted the landscape from a natural tidal freshwater spruce wetland to pastureland grazed by cattle. Water was only allowed to drain from the site through a small (~0.75 m diameter) top-hinged tide gate into Seal Slough. The tide gate essentially prevented water from flowing into the site at all surface water levels except those related to flood events. During annual maximum flood events, water would flow into the site by overtopping the levee primarily along the main channel of the Grays River.
In 2005, hydrological reconnection to the KF site was undertaken by replacing the tide gate to Seal Slough with two~4-m-diameter culverts and by several small breaches along the main stem of Grays River. The new culverts restored water-level variations within the site that matched the timing and amplitude within unrestricted areas in Seal Slough, although floodwaters still overtop the remaining levees (Breithaupt and Khangaonkar 2008) . Between 2005 and 2010, vegetation shifted from wet pasture grasses, Trifolium pratense, T. repens, and T. dubium (clovers), and Ranunculus repens (creeping buttercup) to a mix of tidal freshwater emergent marsh species dominated by Phalaris arundinacea (reed canarygrass). These changes indicated that physical and biological processes were driving tidal wetland development.
METHODS
Our period of analysis covers the seasonal changes from June 2006 through February 2007, that is, post-restoration years one to two after culvert installation in 2005. We chose this seasonal time period because sampling showed that it represents the period of development of the maximum emergent wetland vegetation aboveground biomass density (i.e., dry mass per unit area) and the subsequent loss of biomass from floodplain wetlands during the winter ). In the PNW, the typical period of coastal wetlands flooding is during the late fall and early winter. Based on our field observations at the KF site and two other wetland sites over the period of 2004-2012, the majority of H-POM exchange between the site of production and offsite areas (Fig. 1b) appeared to occur as a flood pulse of material during these seasons.
Hydrodynamic modeling
We employed deterministic results from a previously developed hydrodynamic model of the Grays River to evaluate the effect of hydrological reconnection at restoration sites on the flooding of adjacent areas Khangaonkar 2008, Breithaupt and Lee 2011) . The model domain included Grays River, Seal Slough, and the floodplain from the mouth of Grays River to approximately 8 km upstream (Fig. 2) . The modeling geometry was based on high-resolution light detection and ranging topography data for the Grays River floodplain (Breithaupt and Khangaonkar 2008) , field-surveyed cross sections of the Grays River and Seal Slough channels (Diefenderfer et al. 2008) , and hourly measurements of Grays River flow. Here, we further develop this model to assess the fate of H-POM derived at the KF site to the model domain through key processes: POM mobilization from fluid shear stress during tidal exchange, flooding, and variable river flow; entrainment in the water column; transport via channel and overland flow; and entrapment when wetted surfaces dry. The model was calibrated with field measurements of key water and vegetation variables (Appendix S1).
We used the hydrodynamic Finite-Volume Community Ocean Model (FVCOM) (Chen et al. 2006) to simulate flow in Grays River including Seal Slough and Grays Bay. FVCOM is a three-dimensional finite-volume model that uses an unstructured grid (composed of triangular elements) for defining the system's complex geometry (Fig. 2 ). The hydrodynamic model solves depths, velocities, and watersurface elevations (WSEs) within the model domain based on the geometry of the system and the boundary conditions specified in the analysis. The model includes wetting and drying to control the inundation of land surfaces due to WSE changes from tidal and runoff forcing. FVCOM calculates friction losses at the bed-water interface via turbulent shear stress equations. These internal calculations of shear stress are critical to the simulation of the mobilization of H-POM from the study site and are outlined in detail by Chen et al. (2006) .
River flow and tidal inundation of wetlands directly affect mobilization and transport of H-POM, and increases in both flow and tidal elevation occur during the late fall and winter months (Jay et al. 2015) . These facts are highly relevant to the level of inundation that could occur from the combined events. The boundary condition inputs for the hydrodynamic model were Grays River stream flow and tidal elevations at Grays Bay ( (Fig. 3a) . These episodic peaks in stream flow are the result of winter storms, which produce varying levels of floodplain inundation.
We obtained water-level data for the Columbia River and near Grays Bay, Washington, USA, from the National Oceanic and Atmospheric Administration (NOAA) station near Astoria, Oregon, at Tongue Point (ID 9439040) located approximately 6.4 km southwest of Grays Bay. Data from this station include the effects of upstream flow from Bonneville Dam releases as well as tidal influences. We also acquired tidal predictions for Harrington Point, Washington, the station closest to Grays Bay, using the NOAA tide prediction software to provide the water-level time series for Grays Bay. The largest estimated elevations in Grays Bay were approximately 3.0 m North American Vertical Datum 1988 (NAVD88) and the minimum elevations were approximately À0.5 m NAVD88, giving a maximum tidal range of about 3.5 m. Comparison of the Grays River flows (Fig. 3a) and the tidal elevation plots (Fig. 3b) shows that the largest flows in the Grays River occurred during a period characterized by large tidal range and corresponding high tidal elevations. That is, the largest tidal elevations in autumn occurred, during periods of greatest flow.
The investigation of flooding in the Grays River by Breithaupt and Khangaonkar (2008) and Breithaupt and Lee (2011) included calibration of the model to WSEs measured at the KF site (locations shown in Fig. 1b ). Subsequent FVCOM model predictions visibly closely matched the measured water levels at the sensor locations in and near the site (Fig. 4) . While the vertical datum of the WDOE gage was arbitrary, the trend of modeled WSE matched that of the measured stage. In general, these comparisons indicated that the model represented the water-surface variations and the hydrodynamics of the Grays River over the whole model domain, thereby validating the model.
Vegetation and H-POM flux
We used vegetation data from the KF site to calibrate the biomass transport component of the model. We collected the aboveground herbaceous biomass density from 0.1-m 2 plots located within 23 of the 127 random 1.0-m 2 vegetation cover plots in the 4,800-m 2 sampling area. This sampled area was reasonably representative of the vegetation community over the majority of the site. For each sample plot, we clipped all live and dead vegetation, rinsed the sample over a 1-2 mm mesh sieve, dried (~104°C) the sample until its mass did not change, and weighed the sample after cooling. During the June 2006 summertime maximum, the average dry biomass density was 0.779 kg/m 2 (n = 23). During the February 2007 winter senescent period, the estimated biomass density from the same sampling area using the same methods was 0.37 kg/ m 2 (n = 22), indicating a loss of 0.41 kg/m 2 (52%) over the 246-d interval. We assume that this loss was from export, not onsite decomposition or grazing. For comparison, we The vegetation biomass calibration was conducted in two steps to reduce the number of iterations of complete 246-d simulations. For both steps, the calibration was performed on an area corresponding to the size and location of biomass sampling (Fig. 2c) . The first step involved simulation over a 2-week period (late October 2006) during the dry period and a 4-week period (November 2006) during the wet period. We extrapolated the loss results for this short-duration simulation to the entire H-POM analysis period. We adjusted the loss rate coefficient until the extrapolated biomass loss from the model was close to the measured biomass density loss of 0.41 kg/m 2 . After this adjustment, the second step was a simulation over the complete 246 d between 1 June 2006 and 28 February 2007. This second step confirmed that the modeled biomass loss using the extrapolated loss rate coefficient produced a result similar to the measured biomass loss.
For the H-POM flux analysis, we specified an initial biomass density of 0.779 kg/m 2 for the entire KF site (Fig. 5a , blue background). We computed the flux from the biomass density loss, which provided the upper bound of biomass available for transport. To calculate the H-POM flux at the KF site from biomass density loss, the average biomass density over the restoration area at hourly intervals was multiplied by the area of the KF site to compute the total biomass remaining, and the difference between biomass over each interval provided the average transport (kg/s) from the whole KF site for each hourly interval. In the model, loss is a function of the constant coefficient, variable velocity, and variable depth; therefore, channels are the areas where the H-POM loss is greatest, and less is lost from the central parts of the site that are farthest from the channels. Although the biomass was set as constant across the site despite the certainty of spatial variation, these physics-based variations across the site in the model produced a large downward reduction in the estimated flux.
After mobilization of the H-POM within the KF site during inundation, the model transported H-POM through the water column into Seal Slough, the Grays River, and wetland channels. Grid cells became wet and dry as tidal elevations and river discharge changed. H-POM was stranded when a grid cell became dry. H-POM flux through the water column was computed as the mass of H-POM passing through a boundary line (i.e., transect) at hourly intervals.
To simulate H-POM flux, we used the sediment transport model in FVCOM version 2.5.3, with the following assumptions (see also Appendix S1). (1) Because no base flow enters Seal Slough from tributary streams, during dry conditions all of the flow is due to tidal exchange. (2) Settling of H-POM from the water column does not occur during transport; however, H-POM can become stranded in grid cells that have dried after floodwaters have subsided or the tide has receded. (3) Plant biomass density data from vegetation sampling plots within 100 m of the main channel at the KF site were considered representative of biomass for the site. Some of the site had been classified as wet pasture in the U.S. Fish and Wildlife Service National Wetlands Inventory prior to restoration. Only the aboveground herbaceous and leafy portion of the vegetation at the KF site was included in the analysis, not loss or transport of woody debris. (4) The H-POM mass loss from the vegetation can be approximated using a functional relation between fluid velocity, bed shear stress, and mass loss, the form of which is the same for that of sediment transport. Calibration of the model to POM loss was made using a median particle size of 0.6 mm. (5) All of the plant biomass lost between summer and late winter was mobilized as H-POM. After being stripped from the vegetation, the transport of H-POM was determined by the transport equation and there was no loss from H-POM decay.
To evaluate the potential capture of H-POM in various locations in the floodplain due to stranding, three transects across the floodplain and channels were established in the model downstream of the KF site (Fig. 2d) . We calculated H-POM flux through the system at hourly intervals at four locations: (1) at the KF site, (2) 
Assumptions
We assumed the following: (1) the organic matter (OM) behaves similarly to inorganic matter in that sediment transport processes are similar; (2) OM decay is not included in the model but would be expected to be most significant within the model domain in those regions where OM is stranded, while the OM transported in the pulses down the channel into the Columbia River would not be so significant because of the short, in-channel transport time during the flood pulse; (3) removal/erosion of the OM from the restoration site implicitly includes removal of OM from restoration site vegetation throughout the water column; and (4) the density of OM is low enough to prevent significant settling through the water column so that stranding becomes the primary loss from fluid transport. We offer that each of these assumptions should be evaluated in future research, which should include further review of available literature and potentially laboratory or field studies.
RESULTS
Aboveground herbaceous vegetative biomass density at the KF site decreased over the simulation period between (Table 1 ). Prior to peak flooding, mobilization of H-POM mass at the KF site was notable (27.4 9 10 3 kg), but featured very little mass transport out of the site. The largest biomass losses occurred during the wet period between early November 2006 and mid-February 2007, primarily during riverine flooding events when high flows entered the KF site at the northeast corner and exited through dike breaches and the northwest-side culverts. After the peak flooding period, cumulative H-POM mobilization had increased to 76.2 9 10 3 kg, and a total of 22.0 9 10 3 kg of H-POM was transported through the Below KF transect. Of the transport through this transect, about 21% (4.54 9 10 3 kg) of the H-POM flux was through Seal Slough, and the bulk of H-POM transport was down the Grays River or over the floodplain. At the Confluence transect, the bulk of H-POM transport was down the Grays River (96%), and a little H-POM flux occurred over the floodplain. During the peak flood, there was only a short period during which the dike along the south bank of Seal Slough was overtopped, and only 4% of the H-POM mass transport washed through the floodplain portion of the transect.
The spatial distribution of H-POM concentration also changed over the simulation period due to loss of biomass from the KF site and its transport downstream ( Fig. 5d-f ; Video S1). At the onset of the simulation (hour 1, Fig. 5d ), H-POM concentrations were negligible due to the initial concentration being set to zero and the short duration of simulation up to this time. By the end of the dry period and before the onset of the wet period in November 2006, H-POM concentration had increased within the KF site, while increases in H-POM concentration in Seal Slough and the Grays River were negligible (Fig. 5e) . During the dry period, tidal exchange was the dominant driver of the mobilization and redistribution of H-POM within the KF site, and little H-POM was exported from the site. Export occurred only after the onset of the wet period in November 2006.
The peak flood in the Grays River during November 2006 was followed by episodes of high flow in the Grays River through February 2007 (Fig. 3a) , and both produced a greater range of inundation within the site. The periods of high flows through the KF site have larger bed shear stress, which mobilizes more H-POM, transports it from the KF site into Seal Slough and the Grays River, and carries it downstream (Fig. 5f ). Because floodwaters inundate the floodplain, as well as the KF site, H-POM became distributed across most of the floodplain downstream (Fig. 5f ). Exceptions were areas behind dikes. As floodwaters receded, H-POM was stranded at locales that became dry. Tidal exchange or later floodwater was able to transport stranded H-POM farther through the system. Some H-POM was transported upstream (northeast) from the KF site ( Fig. 5f ) by flood tides, which caused flow reversals in Grays River. Instantaneous flow across the three H-POM flux transects (Fig. 2d ) varied according to tidal forcing and pulsed periods of flow driven by strong flood events (Fig. 6a, b) . Prior to November 2006, the flow across transects was essentially in balance and tidal exchange dominated the system's hydrodynamics. The peak flood event of the simulation period was composed of two events separated by about 12 h in early November 2006, and other smaller floods occurred later during the late fall and winter. The peak flood overtopped the dike upstream (northeast) of the KF site, which resulted in a flush of floodwater through the site. During this event and the remainder of November 2006, net flows at all transects were directed downstream (negative flows). After mid-January 2007, the flow returned to conditions similar to the period prior to the peak flood (largely tidally dominated). Note the increase in tidal exchange from upstream (below KF transect) to downstream (mouth transect) as indicated by the larger range of flows (Fig. 6a, b) .
The largest instantaneous H-POM flux was at the KF site and the smallest was at the mouth transect (Fig. 6c) . At the KF site, the pulses of increased flux prior to the peak flood did not result in transport downstream, but instead any H-POM entrained in the water column was redistributed around the KF site (Fig. 5e) . It was not until the peak flood event that transport occurred through the downstream transects. After the pulse of efflux during the peak flood event, the confluence transect (Fig. 2d) exhibited oscillating transport (Fig. 6b) , with positive (inflow) and negative (outflow) exchange, indicating net H-POM flux from the system was reduced. We attribute this to the reduction in outflow after mid-January 2007 (Fig. 6a, b ).
Closer examination of the H-POM flux with the onset of the wet period and around the period of the peak flood revealed changes in the magnitude of flux and changes in the relative spatial distribution of fluxes at transects downstream (Fig. 6b) . During this period, river flows increased, ‡The H-POM mass change at the KF site is the mobilization from the H-POM source. §End of simulation. The difference between these two values is attributed to differences in computational methods. See Results for explanation.
resulting in larger inundations of the KF site at flood tides that produced large spikes in H-POM mobilization. with the passage of the flood peak at the KF site, and sequentially decreasing magnitudes occurred through each downstream transect. This decrease is attributed to storage due to stranding in the Grays River system, that is, the floodplain and channels.
The peak flood produced H-POM mass change at the four locations and a sharp increase in cumulative H-POM loss from the system (i.e., negative mass change), and by the end of the simulation, approximately 94.2 9 10 3 kg of H-POM had been mobilized at the KF site (Fig. 6c) . At the below KF transect, the estimated cumulative H-POM mass change was approximately 96.2 9 10 3 kg. At the mouth transect, 49.6 9 10 3 kg (52%) of exported H-POM had been transported from one wetland in the Grays River into Grays Bay by the end of the simulation. The remaining 46.6 9 10 3 kg (48%) of H-POM was deposited in the Grays River and floodplain.
We attribute the slightly larger value of mass mobilized at the below KF transect relative to the KF site to the difference in methods (mass loss rates at the KF site and mass transfer rates across each transect) used to calculate flux at the KF site and the other three locations. The difference in error between the methods is approximately 2% and often negligible. The internal computations of the models were made at 5-s time steps while the results are given at hourly intervals. Variations in velocity and H-POM concentrations at intervals smaller than 1 h are likely, which could produce cumulative errors in flux estimates. However, the overall trend shows the mass change was smaller at the below KF, confluence, and mouth transects than the mass mobilized at the KF site. There was a decrease between each successive transect downstream (Fig. 6c) , which is attributed to storage in the Grays River system floodplain and channels. The Confluence transect exhibited no further increase after midJanuary 2007, which is attributed to the change in flow regime (Fig. 6a) and the oscillatory H-POM flux (Fig. 6b) .
In summary, according to the model, the fate of biomass produced per unit area at the site breaks down as follows (Fig. 7): (1) Peak summer biomass density at the KF site averaged 0.779 kg/m 2 , which equals a total of 506.4 9 10 3 kg for the entire 65-ha site. (2) Biomass reduction due to H-POM mobilization equaled 0.301 kg/m 2 or 38.7% of the peak summer biomass density (i.e., this value represents the portion of the lost biomass that was mobilized). (3) Biomass not mobilized equaled 0.478 kg/m 2 or 61.3% of the peak summer biomass density. (4) Mobilized H-POM retained on the site equaled 0.153 kg/m 2 or 19.6% of the peak summer biomass density, and 50.8% of all mobilized H-POM. (5) Mobilized H-POM exported equaled 0.148 kg/m 2 or 19.0% of the peak summer biomass density, and 49.2% of all mobilized H-POM. (6) Mobilized H-POM retained in the Grays River and floodplain equaled 0.071 kg/m 2 or 9.1% of the peak summer biomass density, and 48.0% of all exported H-POM. (7) Mobilized H-POM distributed to the mainstem Columbia River estuary equaled 0.077 kg/m 2 or 9.9% of the peak summer biomass density, and 52.0% of all exported H-POM. This demonstrates that enhanced hydrological connection to a formerly diked wetland resulted in transport of H-POM from the KF site to the floodplain, mainstem river, and estuary.
DISCUSSION
Restoring an ecosystem function such as H-POM export is among a set of paradigms commonly put forward as drivers of ecosystem recovery (Duarte et al. 2013a ). The mass transport modeling in this study demonstrated that POM produced in a tributary floodplain wetland cumulatively affects the mainstem estuary 7 km downstream, nearby restoration sites, and even areas upstream of the wetland through tidal reversals. These indirect and cross-boundary effects (CEQ 1997 ) occurred throughout the floodplain riverscape. The modeling showed that the new culverts, as well as a flood event that overtopped the levee, were important conduits for the exchange of a large mass of organic material. This supports the hypothesis that restoring hydrological connections is a viable strategy for enhancing marsh macrodetritus contributions to the food web in the Columbia River estuary Simenstad 2009, Conway-Cranos et al. 2015) .
Limitations of results
Although we did not conduct a similar simulation for the conditions with the tide gate in place, we assume that exchange was far less than with the new culverts based on the relative dimensions of the openings, the elevation of the tide gate, and the dampening effect of its lid. According to our post-construction modeling, between summer and mid-winter, approximately 96.2 9 10 3 kg of H-POM was exported downstream of the KF site. Of this mobilized H-POM, 100% passed the Below KF transect, 65% passed through the Confluence of Seal Slough and the Grays River, and about 52% passed through the mouth to Grays Bay (Fig. 2d) , which is located on the main stem of the Columbia River in the estuary system zone (Jay et al. 2016 ). H-POM was redistributed to the floodplain during the peak flood events and was then available for transport during moderate flow conditions. The mobilized H-POM that was not transported through a sampling transect was apparently stored in the Grays River system floodplain and channels, and was presumably susceptible to transport downstream in future events until further breakdown or uptake of materials occurred.
Marsh plant community
Mobilization of vegetation depends on a variety of factors (i.e., death, fragmentation, and decay), some of which are not taken into account in our model. For example, the breakdown of reed canarygrass is complex in that stems may or may not die over the winter and that the stems can re-sprout in the spring even after appearing to be dead in the winter (leaves generally die every year). Ultimately, the whole 1-2 m tall plant dies and falls over, and may or may not form a dense mat. In any case, the stems begin to break down and, over the course of a year, break into increasingly smaller pieces. The stem fragments initially float because they are hollow. Eventually, the stems become waterlogged and sink, but we are not sure how long that takes. We used biomass loss data from the site during the period for which the model was run, thereby capturing the bulk of the vegetation being mobilized and transported. That said, further study is warranted to partition the contribution of floating and waterlogged fragments to H-POM fluxes and fate.
Variability in biomass production and loss is significant in the Columbia River estuary. Our estimate of the summer standing crop of vascular plants (0.779 kg/m 2 ) from data collected at the KF site is within the range reported by Small et al. (1990) of 0.27 to 1.65 kg/m 2 . Like Small et al. (1990) , who sampled several sites in the lower estuary, our data on H-POM production on similar high marshes on the Columbia floodplain indicate a very high range and variability of macrodetritus production: minimum = 0.03, maximum = 1.59, median = 0.72 kgÁm À2 Áyr À1 dry mass for 32 sampling areas across seven sites over 5 yr (A. Borde, unpublished data) . Data for the KF and two other restoration sites and their paired reference sites are also highly variable between sites, within sites, and among years . Based on observations of the entire KF site over many years, we believe that the variability in production across the site, which we simplified to a single estimate based on subsampling of one part of the site, is also dwarfed by the variability throughout the ecosystem such that the simplification for modeling purposes is irrelevant. Our longterm sampling of sites has shown that high variability in annual production in these marshes is driven by seasonal and interannual variability in hydrological conditions (Borde et al. 2013) . In addition, the range of plant biomass density during summer and in winter in reference marshes indicates that much higher or lower quantities may be produced and lost in some sites, parts of sites, or years. Based on these additional data from across the floodplain and our modeling, we conclude that, in general, detritus is exported from restoration sites on tributaries to nearby wetlands and perhaps over longer distances to the main stem over a larger inference space, that is, restoration and reference marshes on the tidally influenced Columbia River floodplain. Simenstad et al. (1990) estimated for the Columbia estuary that herbivores remove 15% of annual emergent plant carbon production and that translocation to the roots removes 38%, leaving approximately 47% to enter the H-POM pool. For the Fraser River tidal delta in southern British Columbia, Kistritz et al. (1983) showed that approximately 37% of the sedge marsh biomass was exported off the marsh plain annually and that virtually all of that took place during winter. Our measurements and model only treated the potential H-POM pool and we did not measure loss via herbivory, translocation, or burial. Our estimate that 19% of the annual emergent plant carbon produced is exported is somewhat low compared to these other regional estimates. We wonder if this may be due to differences in wetland species. After hydrological connection, the KF site became dominated by reed canarygrass, a species that develops thick, tough mats that may be more recalcitrant to mobilization (Griffiths et al. 2012 ) than those dominating sites studied by Simenstad et al. (1990) and Kistritz et al. (1983) , for example, Carex lyngbyei. Reed canarygrass has a faster decomposition rate than Typha latifolia (common cattail), Juncus effusus (soft rush), and Alnus rubra (red alder) leaves (Gingerich and Anderson 2011) , which are common elsewhere including other parts of the Columbia River estuary. Additionally, the model only removes POM via physical means (erosion and transport), which are governed by fluid motion, and produces the greatest velocity and potential for erosion in the channels. The model does not include biological processes that would lead to losses observed in the field in areas distant from channels, which do not show losses in this modeling (Fig. 5f ). In-channel transport would have limited time for decay before H-POM is flushed into the Columbia River. The stranded OM would be subject to decay within the modeling analysis domain. The stranded H-POM could be flushed and transported farther depending on the recurrence rate and size of flood pulses. This is consistent with efforts by others who have shown that biogenic influences on physical processes increase farther from marsh channels (Collins et al. 1987) .
Ecosystem connectivity and spatial subsidies of restoration
While delivery of H-POM to estuaries and near-coastal systems is generally viewed as a key aspect of global biogeochemical cycles, the role of storm-driven pulsed delivery is less well appreciated (Hope et al. 1997, Mooney and McClelland 2012) . We believe that the pulsed redistribution of H-POM in the Grays River floodplain and channels and then to the mainstem Columbia River in the estuary zone is an important nuance associated with defragmentation of estuarine ecosystems through restoration of hydrological interconnections. Climatic fluctuation resulting in variation in winter flood magnitude and frequency, or changes to the level of ocean water relative to land elevation, thus may regulate detrital pathways throughout the ecosystem.
Notably, the transport of material to adjacent elements of the riverscape, including other restoration sites in the model domain, suggests that the effect of multiple hydrological reconnections in a riverscape could be synergistic, as previously demonstrated (Diefenderfer et al. 2012) . This "lateral" connectivity (Amoros and Bornette 2002) demonstrates the spatial subsidy of organic matter (Summerhayes and Elton 1923, Polis et al. 1997) , an important process contributing to a wide array of ecosystem functions (Naiman and D ecamps 1997, Nakano and Murakami 2001) . Alone, however, lateral connectivity stops short of describing changes in the receiving system, that is, "functional" connectivity (Talley et al. 2006) . Further research remains to be carried out in the Columbia River estuary and other systems to elucidate the fate of material relative to environmental conditions such as seasonal temperature and flow and the temporal aspects of specific mechanisms by which material is taken up in the food web.
It is clear from studies in other systems that detritus from vascular plants and associated algae contributes to production of prey for estuarine-dependent fish species (Odum and Heald 1975 , Nixon 1980 , Boesch and Turner 1984 . With recent information showing that the prey consumed by estuarine-dependent juvenile salmon in the Columbia use marsh detritus as a major source of energy (Maier and Simenstad 2009 ), our rough estimate of H-POM export to the estuary, not including aged detrital material export, provides guidance on the magnitude and type of restoration actions that could begin to have a significant effect on restoring the broader estuarine food web that is important to young salmon in the ecosystem. The mass transport modeling also reinforces other evidence that the detrital-based part of the salmonid food web of the Columbia River estuary is shaped by multiple sources and pathways from outside the mainstem estuary Simenstad 2009, Naiman et al. 2012) . Moreover, Kukulka and Jay (2003) showed that diking and flow regulation have reduced the opportunity for shallow-water habitat access by young salmon by 62% during the critical freshet period. Simenstad et al. (2000) concluded that landscape structure and scale are important when designing restoration projects to benefit coastal and estuarine fishes that use shallow-water habitats. In the case of the Columbia River estuary, access to preferred prey resources depends on both direct access to shallow-water habitats and, under altered conditions, access to prey in mainstem estuary portions of the system . Under these altered conditions, salmon access to prey feeding on marsh macrodetritus may depend more on H-POM exported to deeper areas than previously thought. Larger fish that may infrequently enter shallow tidal channels can still benefit from H-POM produced and exported from wetlands, especially if that flux includes insect prey.
Our estimate of total production by marsh macrophytes in the KF site was 5.06 9 10 5 kg, which equals 2.02 9 10 5 kg C (i.e., using the conversion factor 1 g biomass = 0.4 g C employed by Small et al. [1990] ). Thus, the KF site production represented about 2% of the total marsh macrophyte production estimate (1.13 9 10 7 kg C) made by Small et al. (1990) for the entire estuary. The 65-ha KF site represents 0.67% of the 9,747 ha of tidal herbaceous wetland lost from the system since the late 1800s (Marcoe and Pilson 2017) . Scaling up to the broader estuary, we multiplied our production per ha estimate by the 9,747 ha of herbaceous wetlands lost and by the estimate that 19% of the macrophyte production is exported. Our calculation resulted in an estimated annual loss of 5.77 9 10 6 kg C (= 3.12 9 10 3 kg C À1 Á ha À1 Áyr À1 9 9,747 ha 9 0.19) to the ecosystem compared with the late 1800s. Diefenderfer et al. (2016) found that sediment accretion occurred after the levee breach and contributed to restoring the elevation and vegetation of the subsided marsh plain at the KF site. At the same site, we found that pulsed flood events drove export of substantial amounts of POM and probably some sediment, marsh-associated invertebrates, and dissolved organic matter. Considering these results, hydrologically reconnecting a wetland to its mainstem river not only results in wetland recovery it also results in re-establishing support to the system downstream, including, in this case, the main stem of the Columbia River estuary.
CONCLUSION
The processes of primary production and exchange of organic matter are of fundamental importance to maintaining the flow of energy among elements of the ecosystem, and material flux is essential for supporting the food web, biodiversity, and production of prey. Management plans that result in modification of the supply of organic matter to riverine, estuarine, and coastal food webs need to consider the effects of changes in the system on the amount and mix of the organic matter supply (Jassby et al. 1993 , Sobczak et al. 2002 , Hunsinger et al. 2010 . Changes in the hydrodynamics of river systems are also relevant because, as we have shown, H-POM flux can be driven by river discharges that inundate the floodplain, while tidal exchange at low flows contributes less to flux. We believe that further studies aimed at quantifying this organic matter flow as a functional response to habitat restoration projects and pulsed events in the physical environment would prove a clear link between restoration actions and ecosystem services. Developing estimators of the effects of multiple actions on the restoration of organic matter flow will assist in quantification of the cumulative effects of multiple restoration projects on an ecosystem, perhaps one of the most daunting and relevant problems in restoration ecology. Modeling methods such as those demonstrated herein have the potential to help assess and predict material fluxes in hydrologically dynamic zones and evaluate landscape-scale effects attributable to the fragmentation or reconnection of terrestrial-aquatic ecosystems.
